Genetic algorithms are used to design digital multivariable PID controllers for robotic manipulators for typical trajectory-tracking tasks when various different performance measures are used. It is thus shown that, by using an appropriate performance measure, the set of controller parameters can be readily found that determines the optimal time-domain trajectory-tracking behaviour for such tasks. This use of genetic algorithms is illustrated by the design of digital trajectory-tracking PID controllers for a typical three-degree-of-freedom robotic manipulator.
INTRODUCTION
It was shown by Porter and Abidin [41 that the design of digital trajectory-tracking controllers for robotic manipulators can be readily effected by using the methodologies of Porter et al [71 for the design of fastsampling error-actuated digital multivariable PID controllers. These design methodologies are characterised by the following very important features:
the design equations for the controller matrices are directly expressed in terms of the step-response matrices of the plants under control; the robustness characteristics of the controllers are simply expressed in terms of the step-response matrices of the nominal and actual plants.
2)
However, although these robustness results of Porter and Abidin 141 greatly facilitate the design of digital trajectorytracking controllers for robotic manipulators, these theoretical results are valid only asymptotically (i.e., as the frequency of the digital PID controller becomes infinite). Since it has so far proved impossible to obtain theoretical non-asymptotic robustness results for digital multivariable PID controllers with finite sampling frequencies, genetic 
J
In the genetic design procedure of Porter and Allaoui 151, the minimum integral error norm for any trajectory-tracking task was regarded as the ultimate design requirement; but it is important to note that other performance measures can be used equally well in the context of genetic design. In this paper, a detailed comparison is therefore made of the performance of genetically designed trajectory-tracking controllers for robotic manipulators when the following three performance measures are used:
1)
the integral error norm;
2) the weighted sum of the integral error norm and the integral error velocity norm; the weighted sum of the integral error norm and the integral control velocity norm.
3)
These general results are illustrated by the . (2) I n e q u a t i o n s ( 1 1 a n d ( 2 1 , x(t)eR", u(t)eR', y(f)eR', Ad"", B a d , a n d CeRh. . (4) The digital PID controllers for such plants are governed on the discrete-time set . (5) r ( (1 11 H o w e v e r , t h e s e t h e o r e t i c a l robustness results of Porter and Abidin 141 are restricted to the asvmmotic case of fastsampling error-actuated digital PID controllers for which the sampling frequency f = IIT -m. Since it has so far proved impossible to solve theoretically the corresponding non-asvmptotic problem, Porter and Allaoui [51 used genetic algorithms to solve the following version of the robustness problem :
In the case of finite sampling frequencies, determine the quadruple { a , U, p, 6) of controller design parameters such that optimal trajectory-trac king behaviour is obtained when a given robotic manipulator is controlled by a digital PID controller so as to track a given trajectory.
It is clear that the solution of this problem will provide an optimal quadruple {a, U, p, 8 ) of controller desiljh parameters which is dependent upon the given manipulator, the given task, and the measure of trajectory-tracking performance used in the optimisation procedure.
In order to use genetic algorithms to solve this problem, Porter and Allaoui t51 showed that it is necessary only to encode the quadruple {a, U, p, 6) of controller design parameters in accordance with a system of concentrated, multi-parameter, mapped, fixed-point coding [ l I. Thus, each quadruple (a, U, p, 8 ) o f controller parameters is represented by a string of binary digits. T h e n~f o t t i o w l n g a n~o i c e of an initial generation of such strings, successive generations of strings are obtained using the basic genetic operations of selection, crossover, and mutation [I I. These operations ensure that the successive generations of error-actuated digital PID controllers thus produced by the genetic algorithm tend t o exhibit improving trajectorytracking performance in respect of any measure of the quality of such performance specified by the designer for any given robotic manipulator.
ILLUSTRATIVE EXAMPLE
This general approach to genetic robustif ication can be conveniently illustrated by designing trajectory-tracking digital PID controllers w h e n various different performance measures are used in the case of the typical three-degree-of-freedom robotic manipulator previously investigated by Porter 
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where e a 3 is the vector of joint angles,u& is the vector of joint torques, ye@ is the positional vector of the end effector in Cartesian space, M(e)eRm is the inertia matrix, h(e,8)eR3 is the vector of centrifugal and Coriolis torques, j@)eR3 is the vector of direct kinematic relationships, and g(e)& is the vector of gravitational torques. The numerical values of the inertial and kinematic parameters for a typical three-degree-offreedom robotic manipulator are given by Petropoulakis 131.
In the neighbourhood of any operating point in task space, this manipulator is a completely irregular sixth-order linear multivariable plant with three inputs and three outputs. In order to illustrate the genetic design procedure, it is instructive to design trajectory-tracking digital PID controllers for this robotic manipulator when undertaking the same task as that investigated by Porter and Tables 1  and 2 for a population size N = 30, a crossover probability pc = 0.6, and a mutation probability p , = 0.005. Thus Table 2 .
It is evident from Table 1 Figure 1 . Finally, it is important to note from Tables 1 and 2 that the quadruples {a, U, p, 6) of optimal controller parameters corresponding to these quite different timedomain characteristics frequently do not differ from each other very much (and yet the genetic algorithm has no difficulty in discriminating between these quadruples).
CONCLUSION
In this paper, genetic algorithms have been used t o design digital multivariable PID controllers for robotic manipulators for typical trajectory -tracking tasks when various different performance measures are used. It is thus shown that, by using an appropriate performance measure, the set of controller design parameters can be readily found that determines the optimal time-domain trajectory-tracking behaviour for such tasks (which include sudden changes of payload). This use of genetic algorithms has been illustrated by the design of digital trajectorytracking PID controllers for the typical threedegree-of-freedom robotic manipulator previously investigated by Porter and Allaoui 151. 
